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Direct interaction of unactivated primary monocytes with endothelial cells induces a mitogenic effect in subconfluent, injured endothelial monolayers through activation of endothelial Met. We now report that monocytes contact dependent mitogenicity is controlled by activation-mediated regulation of hepatocyte growth factor. Direct interaction of unactivated monocytes with subconfluent endothelial cells for 12 hr resulted in 9 and 120 fold increase in monocyte TNFα and IL-1β mRNA levels and bitemporal spike in hepatocyte growth factor that closely correlates with endothelial Met and injuries that accompany percutaneous vascular intervention and atherosclerosis [3] [4] [5] [6] . Rapid accumulation of monocytes is observed following ischemic events and was previously reported to play a critical role in tissue revascularization through angiogenesis 7, 8 . In cancer biology, monocyte accumulation and activation is associated with tumor angiogenesis and growth [9] [10] [11] [12] .
Recently we reported that primary unactivated monocytes induce mitogenesis in EC upon direct contact through a mechanism mediated in part by endothelial hepatocyte growth factor receptor (Met) 13 . This effect is distinct from the paracrine mitogenesis induced by activated macrophages and represents a new form of regulation over EC proliferation. In the present study we explore the mechanism through which monocyte activation regulate their mitogenic potential. We characterized EC proliferation kinetics following interaction with primary unactivated monocytes, the dependency of monocyte Western blot: Whole cell extracts of EC and monocytes harvested from co-cultures by separation of monocytes from the co-culture with repeated washes (PBS, 2.5 mM EDTA, 2 min) as previously described 13, 15 . The purity of separated monocytes and EC was verified by FACS analysis as previously described 13 . Whole cell protein samples were extracted using NP40 cell lysis buffer (Invitrogen Corp, Carlsbad, CA), supplemented with complete protease inhibitor tablet (Roche Molecular Biochemicals, Indianapolis, IN) and 0.5 mM sodium orthovanadate.
Proteins were separated on glycin-SDS gels, transferred to PVDF membranes and immunobloted with the indicated antibodies. 10 min prior to cell harvesting cultures were treated with 0.5 mM sodium orthovanadate to preserve phosphorylation. Blots were scanned and bands quantified using ImageJ software (NIH, Bethesda, MD). 
Results

Monocytes induce a single cell cycle in EC:
To understand better the EC cycle kinetics following direct interaction with primary monocytes thymidine incorporation was evaluated for 109 hr following monocyte addition in proportional numbers to subconfluent, serum starved EC.
HUVEC first entered S-phase 10-16 hr following the addition of monocytes with peak incorporation at 28 hr (Fig 1 a) . The thymidine incorporation phase ended after the first 40 hr and was followed by a slow decrease in cell proliferation. To study the ability of monocytes to induce repetitive cell cycles, HUVEC that underwent one cell cycle induced by monocytes were gently washed with medium, without removing adherent monocytes, prior to the addition of a second group of primary monocytes at 51 hr. Sequential pulsing with 3 H-thymidine 1µCi/ml confirmed the reoccurrence of a second synchronized cell cycle within HUVEC exhibiting similar kinetics.
While monocytes induced a sharp increase in EC thymidine incorporation, untreated HUVEC underwent gradual decrease in thymidine incorporation, representative of the decreasing proliferation rate under prolonged starvation conditions.
In order to measure the effect of primary monocytes on EC growth kinetics, HUVEC seeded in 6 well plates to subconfluence (5x10 4 cells/cm 2 ) and mildly starved (DMEM 5% FBS, 24 hr)
were treated with proportional numbers of primary unactivated monocytes. EC growth kinetics was measured from time lapse phase microscopy as described in materials and methods. Similar to measured thymidine incorporation, HUVEC went through a single wave of proliferation resulting in two fold increase in cell density (Fig 1 b) .
MIECP is monocyte dose dependent and EC density dependent:
Monocyte recruitment to injured endothelium varies in number and location. To study dose dependency, monocytes were added to subconfluent HUVEC (5x10 4 cells/cm 2 ) at different relative ratios and pulsed 20 hr later with 3 H-thymidine 1µCi/ml for 2 hr. Monocytes induced a density-dependent increase in EC Page 9
thymidine incorporation with an optimal effect observed when monocyte to HUVEC ratio ranged between 1 and 2 (Fig 2 a) . Interestingly the effect of monocyte number on HUVEC proliferation was not linear and required a minimum ratio of over 0.5.
MIECP was similarly dependent on EC density in a manner resembling EC response to soluble growth factors. HUVECs were seeded in 24 well plates ranging from 13000 to 80000 cell/cm 2 and mildly starved (DMEM 5% FBS, 24 hr) prior to addition of primary unactivated monocytes in proportional numbers. MIECP was limited as EC approached confluence (Fig 2b) .
Window of MIECP interaction:
The contact time with monocytes required to induce EC proliferation and the ability of monocytes to repeat the effect in additional EC culture was studied in unactivated monocytes seeded over subconfluent starved HUVEC (5x10 4 
Monocytes lose the potency for contant-induced proliferation as they become activated:
The transient nature of MIECP and the loss of mitogenic potency soon after initial contact with EC suggest that monocyte induction of proliferation is associated with monocyte activation state.
TNFα and IL-1β mRNA levels served as measures of monocyte activation after initial contact of unactivated monocytes with subconfluent EC. mRNA extracted from monocytes collected from cocultures was tested by RT-PCR for GAPDH, TNFα and IL-1β mRNA using specific primers.
For
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12 hr following interaction of primary unactivated monocytes with subconfluent EC, TNFα and IL-1β mRNA levels increased up to 9 and 120 folds over untreated monocytes control respectively (fig 3 b, c) 
Discussion
The integrity of the vascular endothelium is critical for its function as a barrier between the blood and the underlining vessel wall and tissue. Although the endothelium is characterized by quiescence and low cell turn over it is fragile and prone to disruptions by mechanical shear stress 16 , chemical injury 6 For personal use only. on . by guest www.bloodjournal.org From
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Upon direct contact monocytes initiate a single cell cycle doubling of EC number, with an optimal dose response ranging from 1 to 2 monocytes per EC. The single cell cycle mode of proliferation presented by monocyte binding to EC (Fig 1 a, 2 a) may indicate the existence of a precise mechanism of control over EC proliferation. As long as monocyte recruitment continues, and EC retain their growth potential, recruited monocytes will induce EC proliferation. For yet unaffected EC to proliferate, newly recruited monocytes are required (fig 1 a) . Yet, there is another exciting aspect of monocyte-EC modulation. The single cell cycle commitment allows the system to sense endothelial state before initiating another round of endothelial proliferation.
Indeed, the mitogenic effect of monocytes is reduced as EC approach confluence (fig 2 b) .
Monocyte activation regulates HGF secretion and Met signaling in MIECP:
HGF is a key regulator of endothelial and vascular function through activation of Met tyrosine kinase, promoting EC motility, growth and survival 22, 23 . For
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Only unactivated primary monocytes are capable of inducing Met phosphorylation. homeostasis. These findings infer the existence of two distinct mechanisms for regulation of EC proliferation. While one is regulated through endocrine cues initiated at the tissue, the other is paracrine and limited to monocyte binding sites on the endothelium. Prolonged exposure to growth factors and cytokines therefore, allows for regional and more general response to systemic and regional changes, while monocytes through direct contact provide EC specific and highly localized regulation. Additional research into the early stages of EC-monocyte interaction will be required to elucidate the full extent of monocytes role in vascular remodeling and homeostasis. 
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